The photophysical properties for a series of facial (fac) cyclometalated Ir(III) complexes (facIr(C ∧ N) 3 (C ∧ N ) 2-phenylpyridyl (ppy), 2-(4,6-difluorophenyl)pyridyl (F2ppy), 1-phenylpyrazolyl (ppz), 1-(2,4-difluorophenyl)pyrazolyl) (F2ppz), and 1-(2-(9,9′-dimethylfluorenyl))pyrazolyl (flz)), fac-
Introduction
Cyclometalated iridium(III) complexes have been recently shown to have phosphorescence efficiencies approaching theoretical limits (Φ ) 0.8-1.0) and short radiative triplet lifetimes (τ ) 1-5 µs).
1,2 These photophysical properties make organometallic Ir complexes excellent candidates for use in oxygen detection, 3 metal ion sensing, 4,5 and luminescent labeling reagents for biological materials;
6-20 however, the most extensively investigated application of cyclometalated Ir(III) complexes is as emitters in organic light-emitting diodes (OLEDs).
21
The high phosphorescent efficiencies, short lifetimes, and broad range of emission colors make these Ir(III) complexes ideal emitters in OLEDs, designed for flat panel displays and white † University of Southern California. ‡ California Institute of Technology. light sources. 22, 23 Although a wide range of Ir(III) materials have been reported that emit from blue to the near-infrared, the number of highly efficient, blue-to-violet phosphorescent Ir(III) complexes are limited and their photophysical properties are not fully understood. In present study we have focused our attention on Ir(III) complexes with emission energies ranging from the near-UV to green in order to develop a better understanding of the processes that limit the luminescent efficiency from this class of materials.
Blue phosphorescence can be observed from Ir(III) complexes that have cyclometalated phenylpyridine (ppy) ligands modified to increase the emission energy relative to that of an efficient green phosphor, fac-Ir(ppy) 3 (1, Figure 1 ). For example, addition of electron-withdrawing groups such as fluorine leads to a complex, fac-Ir(F 2 ppy) 3 (2), that displays emission 40 nm higher in energy compared to 1. 24 Similarly, a difluorinated bipyridine ligand has recently been used to form a tris-cyclometalated Ir(III) complex that displays blue phosphorescence. 25 Homoleptic complexes using non-pyridine-based heterocyclic ligands that have high triplet energies, such as phenylpyrazole, 11 phenyltriazole, 12 pyridylazolate, 26 phenylimidazole, or phenylbenzimidazole, 13 likewise phosphoresce at high energy. Other examples include heteroleptic derivatives that use electronwithdrawing ancillary ligand(s) to raise the emission energy by stabilizing the highest occupied molecular orbital (HOMO).
27-33
Although cyclometalated Ir(III) complexes with high emission energies can be obtained using any of these approaches, the luminescent efficiencies are often well below that of 1 due to a significant increase in nonradiative decay rates. A more detailed picture of the excited-state processes is thus needed in order to optimize the phosphorescent behavior of this class of materials.
Key information about the photophysical properties of phosphorescent transition metal complexes can be obtained by studying the temperature dependence of emission from these materials. In particular, analysis of temperature-dependent transient decay from diimine (i.e., bipyridine, bpy) chelates of Ru(II) and Os(II) with metal-to-ligand charge transfer (MLCT) excited states has enabled detailed characterization the radiative and nonradiative states.
34-38 Different types of behavior are observed for these compounds in two distinct temperature regimes. At low temperatures (0-77 K), the radiative rates are found to vary due to differing thermal population of three triplet substates. The effect comes about because a significant energy gap separates the lowest and highest substate. The energy difference between the two states in the absence of an external magnetic field is defined as the zero-field splitting (zfs). 39 The zfs values for the metal complexes are enhanced due to mixing of singlet and triplet states induced by spin-orbit coupling from the heavy metal ions. For example, the zfs values for Ru(bpy) 3 derivatives (∼60 cm dence of luminescent cyclometalated Pd(II), Rh(III), Pt(II), and Pt(IV) complexes has also been investigated, and these compounds show behavior similar to that of the Ru(II) and Os(II) complexes. 46 Temperature-dependent luminescent studies have also been carried out on cyclometalated Ir(III) complexes. Complexes examined at cryogenic temperatures show temperature-dependent variations in radiative rates similar to that seen in Ru(II) and Os(II) bisiimine complexes.
47-51 Several tris(pyridylazolate) and tris(phenyltriazolate) Ir(III) complexes have been investigated at higher temperatures, and the presence of thermally activated, nonradiative processes in these species was shown to greatly diminish the luminescent efficiency at room temperature.
26,33,52,53 Of particular note is a recent report of a blue emissive Ir complex characterized by a temperaturedependent study along with theoretical calculation of the potential energy surface for the excited state. 54 The calculations were used to determine the metal-ligand distortions the complex undergoes as it proceeds along the deactivation pathway. Good agreement was found between the experimental and calculated energies for deactivation. In the present paper, we utilize temperature-dependent luminescent studies in conjunction with theoretical calculations to examine the radiative and nonradiative properties for cyclometalated Ir(III) complexes, 1-10 ( Figure  1 ). We have measured the activation energies and kinetic parameters for deactivation of the excited state. Our analysis indicates that thermal population to a 3 MC state is the most likely deactivation processes for high-energy cyclometalated Ir(III) complexes. We use the results from both experimental and theoretical calculations to estimate the energies for the 3 MC state. The relative energy of the 3 MC state with respect to the emissive state is shown to be the principal factor that dictates the quantum efficiency for these blue cyclometalated Ir complexes.
Experimental Section
Synthesis. Compounds 1-10, were prepared as previously described.
24,55
Quantum Yield Measurement. The luminescent quantum yields of 1-10 were measured using an absolute method 56 more reliant than the relative method 57 typically employed in earlier studies. Measurements were carried out using a Hamamatsu C9920 system equipped with a xenon lamp, calibrated integrating sphere and model C10027 photonic multichannel analyzer. Dilute solutions (∼10 -5 M) of the compounds in 2-methyltetrahydrofuran (2-MeTHF) were placed in 1 cm 2 quartz cuvettes that were fitted with a Teflon stopcocks. Samples were deaerated by vigorously bubbling dry N 2 into the solutions using a flexible tube that was threaded through a center bore in the stopcock. It is worth noting that rubber septa were ineffective as seals for the optical cells and their use led to decreased quantum yields in less than 1 h after degassing. The quantum efficiencies were measured using either a 330 nm (for 10) or 380 nm (for 1-6 and 9) excitation wavelengths. The quantum efficiency data was processed using the U6039-05 software package provided by Hamamatsu. The reproducibility in the quantum efficiency measurements is (5%.
Emission Intensity Measurement. Steady-state emission measurements were performed using a QuantaMaster model C-60SE spectrofluorimeter (Photon Technology International) with an excitation wavelength of 360 nm. The emission intensity measurement experiments of fac-Ir(ppy) 3 were carried out in dilute (∼10 -5 M), N 2 -degassed 2-MeTHF solution using a custom Dewar. A dry ice/acetone bath was used for the measurements taken at 196 K, and liquid nitrogen was used for data recorded at 77 K.
Lifetime Measurement. Samples for transient luminescent decay measurements were prepared in distilled 2-MeTHF solution. The samples were deaerated by bubbling with N 2 , freeze-pump-thawed (3×) and flame-sealed under vacuum. Measurements in the range of 77-300 K were performed using an Oxford OptistatDN-V cryostat instrument equipped with an intelligent temperature controller. For the temperature range of 300-378 K, the optical cell was placed in an insulated sample holder that was connected to a thermostat-controlled bath filled with a mixture of deionized water/ethylene glycol (1:1). All phosphorescent lifetimes were measured time-correlated single-photon counting using an IBH Fluorocube instrument equipped with a 405 nm (for 1-6, 9, and 10) or a 331 nm (for 7 and 8) LED excitation source. Fits to the temperature-dependent data were performed using the Origin (v6.1) software package.
Theoretical Calculations. All calculations were performed using the hybrid density functional theory (DFT) functional B3LYP as implemented by the Jaguar 7.0 program packages. 58 This DFT functional utilizes the Becke three-parameter functional 59 (B3) combined with the correlation functional of Lee, Yang, and Parr 60 (LYP) and is known to produce good descriptions of reaction profiles for transition metal containing compounds.
61,62 The metals were described by the Wadt and Hay 63-65 core-valence (relativistic) effective core potential (treating the valence electrons explicitly) using the LACVP basis set with the valence doublecontraction of the basis functions, LACVP**. All electrons were used for all other elements using a modified variant of Pople's 66, 67 6-31G** basis set, where the six d functions have been reduced to five. All energies here are reported as ∆H(0 K) ) ∆E + zero-point energy correction. All geometries were optimized and evaluated for the correct number of imaginary frequencies through vibrational frequency calculations using the analytic Hessian. Zero imaginary frequencies correspond to a local minimum, whereas one imaginary frequency corresponds to a transition structure.
Results and Discussion
Luminescence data for the iridium(III) complexes 1-10 recorded at room temperature and 77 K in 2-MeTHF is presented in Table 1 . The complexes can be divided into three different groups based on their photoluminescent quantum efficiency (Φ) at room temperature. The first four complexes (1-4) have high Φ values (0.93-0.98), a second set (5, 6, 9, and 10) has Φ ranging between 0.30 and 0.80, and a third (7, 8) has a very low Φ (<0.01). The luminescent lifetimes (τ) for 1-6, 9, and 10 fall between 1.6 and 50 µs, whereas the values for 7 and 8 are much shorter (<10 ns). Emission from all of the complexes is highly efficient at 77 K, and the luminescent lifetimes fall in the microsecond regime. The phosphorescence displayed by these iridium complexes originates from a ligand-centered triplet state (T 1 ) that is strongly perturbed by admixture with a state having MLCT character ( 3 MLCT-LC). 32 There is virtually no fluorescence as the rate of intersystem crossing for cyclometalated Ir complexes has been shown to be rapid (<100 fs) and, thus, near quantitative for triplet formation.
68,69
The decay of the T 1 state to the ground state for these cyclometalated Ir complexes follows one of three paths, a temperature-dependent radiative process, k r (T), or one of two nonradiative (NR) processes, as illustrated in Scheme 1. The temperature dependence of k r comes about from thermal population of the individual triplet substates (T I , T II , and T III ) of T 1 , each of which has a unique radiative rate. 70 Rapid thermalization between the triplet sublevels leads to emission with characteristics of a single radiative state. The nonradiative decay has a temperature-independent process, k nr , that is typically associated with vibrational deactivation. 71 The temperature-dependent process, k nr (T), is limited by an activation barrier of E a separating the T 1 and NR state(s). 35 The quantum efficiency for emission using Scheme 1 can be expressed as a function of radiative and nonradiative rates using eq 1. 35 This equation is based on unimolecular decay, assuming contributions from second-order nonradiative decay pathways, e.g., self-quenching or quenching by impurities such as oxygen, are absent. Self-quenching can be minimized in fluid solution by performing measurements at dilute concentrations (e10 ), 76 as shown by the short lifetimes observed in aerated solution (τ ) 0.020-0.044 µs, Table 1 ). The rapid quenching is a consequence of deactivation by both energy and electron-transfer processes.
76,77 Electron transfer is particularly effective for these complexes since their high triplet state energies and ease of oxidation make them potent reducing agents while in the excited state. Therefore, solutions need to be vigorously deoxygenated and rigorously sealed in order to obtain reproducible values for the quantum yield. For example, we observed large decreases (>25%) within an hour during successive measurements of Φ caused by the intrusion of air when using optical cells equipped with rubber septa or poorly fitted Teflon stopcocks. 
Given the prominence of fac-Ir(ppy) 3 (1) as the first reported tris-cyclometalated iridium complex, 78 and its frequent use as a primary luminescent quantum yield standard, it is important to examine the properties of this species in detail. The initial account of 1 reported its Φ as equal to 0.4 ( 0.1, 78 and this value continues to be used when the complex is employed as an emission standard. Recent measurements, either in solution or dispersed in a solid matrix, have found much higher values for Φ, ranging from 0.8 to 1.0.
1,79-81 We also obtained a quantum efficiency of near unity (0.97) for 1 in toluene and 2-MeTHF solutions. These high values suggest that the nonradiative channels are not available (i.e., k nr , k r ) and will likely not become active as the temperature is lowered. To confirm this hypothesis, the emission intensity of 1 was measured in 2-MeTHF at three different temperatures: 298, 195, and 77 K (Figure 2) . Although the emission line shape undergoes a blue shift and the vibronic structure is better resolved upon freezing of the solvent, there is no change in integrated emission intensity as the temperature is lowered; the peak areas are within 1.5% (6.4-6.5 × 10 5 counts). This result agrees with other studies that also show luminescence of 1 doped in a solid matrix displays no variation in intensity between room temperature and 4 K. 81, 82 Although the quantum yield for 1 remains constant below 300 K, the luminescent lifetime, and thus the radiative rate, does vary with temperature. The lifetimes of 1 at 298, 195, and 77 K are 1.6, 1.8, and 4.0 µs, respectively. It is worth noting that the 2.5 times increase in lifetime upon cooling to 77 K was used to provide support for the initial determination of Φ ) 0.4. 78 Such an interpretation requires that the radiative rate be temperature-independent, an assumption commonly invoked when describing k r values for phosphorescence. This assumption, however, is only valid for species with small values of zfs between the triplet substates. For compounds with a zfs less than 3k B T, thermal equilibration of the individual triplet sublevels is rapid and phosphorescence can be treated as originating from a single state, having an average k r ) 1/3[k r (T I )
83
. 23 Thus, thermal equilibration of the triplet sublevels for metal complexes, such as cyclometalated Ir(III) complexes, can require temperatures well above 77 K. In order to estimate the zfs for 1, a two-level Boltzmann analysis was performed on the luminescent decay using data taken in the temperature range of 77-378 K. The analysis gives a value for k 1 of 1.8 × 10 -6 s -1 and activation energy (E a ) of 122 cm -1 (Figure 3 ). The k 1 value represents the high-temperature limit to the radiative rate, whereas E a corresponds to the zfs between the T I and T III triplet substates, inset to Figure 3 . The smaller splitting between sublevels T I and T II could not be resolved in this temperature range. The k 1 and E a values are in good agreement with results obtained by Yersin from observations of fac-Ir(ppy) 3 taken in THF at lower temperatures, where k r (T III ) ) 1.3 × 10 -6 s -1 and the zfs was found to be site-dependent and range between 90 and 150 cm -1 . 84 , 85 The decrease in lifetime observed upon warming 1 from 77 to 298 K is thus due to an increase in the radiative rate caused by thermal population of the higher triplet sublevels, particularly the T III substate responsible for fast radiative decay.
The high quantum efficiency at room temperature of 1 indicates that the overall nonradiative decay rate (k nr + k nr (T)) for this complex is at least 2 orders of magnitude smaller than the radiative decay rate (k r ) 7.5 × 10 5 s -1 , Table 1 ). The near unit value for Φ sets an upper limit for k nr + k nr (T), dictated by the precision of the quantum yield measurement, to be less than 3.0 × 10 4 s -1
. Such a low rate implies that neither temperatureindependent nor temperature-dependent nonradiative decay is effective at deactivating the excited state for 1 at temperatures of 300 K and below.
Temperature-independent nonradiative decay can occur through two different pathways: direct surface crossing from T 1 and S 0 (78) King 
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and/or vibrational coupling to the ground state. The former process can be excluded from consideration due to the vibronic structure of the emission spectra, which indicates no major structural distortion occurs in the ligand-localized excited state relative to the ground state. Therefore, the only available temperature-independent mechanism is vibrational coupling to the ground state, which is governed by the energy gap law (EGL). 86, 87 Compounds that follow the EGL show a linear decrease in ln(k nr ) with increasing emission energy. Numerous studies have shown that the nonradiative rates of luminescent d 6 metal complexes follow EGL behavior. 44,45,71 Typically, highfrequency metal-ligand or C-C skeletal stretching vibrations provide the most effective deactivation mode to couple the ground and excited states. In particular, extensive work by Meyer and co-workers has generated enough data to allow us to predict the k nr values for blue phosphors.
45,71 A linear extrapolation to high energy (>20 000 cm -1 , 2.48 eV) of the EGL using slope (-7.5 ln(k nr )/eV) and intercept (29.2) data for red emissive Os(II) bipyridyl complexes 88 leads to values of k nr less than 4.0 × 10 4 s -1 . The phenomenon is exemplified by fac-Ir(flz) 3 (9), where the k nr ) 4.0 × 10 3 s -1 . Given the high k r values (>10 5 s -1 ) found for most of the other cyclometalated Ir complexes, simple vibrational deactivation processes should have a minor impact on the value of Φ. It follows then, that the principal mechanism that promotes nonradiative decay, lowering the quantum efficiency of complexes 3-8 and 10, is thermal population of the NR state(s), Scheme 1.
In order to gain a better understanding of the thermally activated nonradiative decay processes in these materials, luminescent lifetimes for 2-10 were measured between 77 and 398 K. Kinetic parameters for the luminescent decay in 2-MeTHF solution were obtained by fitting data plotted as 1/τ versus T using a Boltzmann model incorporating two temperature-dependent terms, eq 2, where τ ) experimental luminescent lifetime at temperature T, k 0 ) decay rate at for the lowest energy triplet substate, k 1 , k 2 ) decay rate constants, E a1 , E a2 ) activation energies, and k B ) Boltzmann constant. Inclusion of a third term to the equation did not improve the fit. The results of the fitting of experimental data to eq 2 are summarized in Table 2 . The fitting procedure required the value for k 0 to be fixed in order to obtain reasonable values for the kinetic parameters. An estimate for k 0 ) 10 4 s -1 was used for this purpose and is based on values of τ ) 45-300 µs obtained for other Ir cyclometalated complexes at temperatures below 15 K. [47] [48] [49] [50] [51] 85, 89 Varying k 0 by (5000 s -1 did not significantly alter the results given in Table 2 .
Plots of temperature versus the decay rate display two distinct regimes, one at low temperature that corresponds to thermal redistribution between the triplet sublevels (dependent on the zfs) and the other at higher temperature that involves population of a nonradiative state. Figure 4 shows the data and fits for complexes 3 and 5. The decay rate constants (k 1 ) obtained from the low-temperature regime are between 10 5 and 10 6 s -1 for 1-8 and 10, while the values of E a1 fall within the range of 40-120 cm -1 . The values for 9 are lower (k 1 ) 10 4 s -1 , E a1 < 10 cm -1 ). The data for E a1 should reflect the zfs between the T I and T III triplet substates and are comparable to values reported for other cyclometalated Ir(III) complexes. 47, 49, 50, 89 Large values of zfs have been correlated with an increasing degree of MLCT character in the excited state. 90 The low E a1 value for 9, coupled with its low radiative rate, is consistent with a relatively small MLCT contribution to the 3 MLCT-LC state for this complex. The activation energy to populate the NR state (E a2 , labeled E a in Scheme 1) was determined from the temperature-dependent decay rate. The values of E a2 for 2-8 and 10 vary between 1600 and 4800 cm -1 (Table 2 ). The decay rate constant of the NR state (k 2 ) for 2-8 are all 10 11 -10 14 s -1 , whereas the value for 10 is slower (∼10 9 s -1 ). No thermal activation to an NR state is observed for either 1 or 9. For 1, the only thermally activated phenomenon observed within the limit of our measurement (77-398 K) is the variation in the radiative rate due to the equilibrating triplet sublevels. Likewise for 9, an efficient blue-green phosphor (Φ ) 0.81), the only temperature-dependent phenomena observed between 77 and 298 K appears to originate from thermal population of the triplet substates. However, data from 9 was less reproducible than that from the other cyclometalated species as this complex has a relatively long lifetime (τ 298K ) 48 µs, Table 1 ) that makes it extremely susceptible to quenching by oxygen (k q ) 1.5 × 10 10 M -1 s -1 ; Stern-Volmer quenching constant, k q τ 298K ) 7.2 × 10 5 M -1 ) and other impurities. The high sensitivity to quenching from water or other spurious impurities released on flame-sealing samples of 9 made it difficult to precisely monitor temperaturedependent variations in the luminescent decay using our experiment setup.
The luminescent quantum efficiency for complexes 2-8 and 10 is determined principally by the activation energy to the NR state. Complexes 2-4 have high Φ (>0.93) and values of E a2 (>4000 cm -1 ) that are large enough to make the NR state thermally accessible only at temperatures greater than 300 K, 
whereupon there is a marked decrease in the luminescent lifetime (e.g., see 3 in Figure 4 ). Complexes 5 and 6 with moderate quantum efficiency (Φ ) 0.55 and 0.60, respectively) have intermediate values for E a2 (∼3400 cm -1 ). The temperature-dependent lifetime data for both of these complexes show that the NR state is accessible at room temperature (e.g., 5 in Figure 4 ).
Complexes 7 and 8 are effectively nonemissive at room temperature (Φ < 0.001), with small E a2 values (1800 cm -1 for 7, 1600 cm -1 for 8). Thermally activated decay from the NR state is highly effective even below room temperature ( Figure  5 ). Both 7 and 8 are strongly emissive at 77 K, and the luminescent lifetimes show marked increase upon cooling from 298 to 77 K: from 0.002 to 14 µs for 7 and 0.007 to 25 µs for 8. Finally, for fac-Ir(pmb) 3 (10), although the activation energy is small (E a2 ) 1700 cm -1 ) the quantum efficiency is relatively high (Φ ) 0.37). Despite having a similar value of E a2 to that of nonemissive 7, the luminescent lifetime for 10 displays only a moderate dependence on temperature (τ 298K ) 1.1 µs, τ 77K ) 3.1 µs). The reason for this insensitivity is the markedly smaller pre-exponential term for 10 (k 2 ) 3.7 × 10 9 s -1 ), which also allows for moderately efficient emission to occur at room temperature.
The variation in the thermally activated kinetic parameters for luminescent decay provides some clues as to the nature of the NR state. The height of the barrier to reach the NR state from the ground state for 7 (E 0-0 + E a2 ) 26 070 cm -1 , 75 kcal/mol) is close to the strength of an Ir-C phenyl bond (80 kcal/ mol). 91 The energy barrier to the NR state for 10 (E 0-0 + E a2 ) 28 155 cm -1 , 80 kcal/mol) is also comparable to the bond strength calculated for a Ir-C phenyl and Au-C carbene linkages (65-88 kcal/mol). 92, 93 Given these energies, a process involving Ir-ligand bond rupture is a likely path to the NR state. Additional support for ligand dissociation comes from studies on luminescent Ru diimine complexes, where studies suggested that photosubstitution reactions in these species coincide with thermal activation to the nonradiative states. 94 A signature for a dissociative state in the Ru complexes is the magnitude of the pre-exponential term for thermal deactivation (k 2 ). 95 Large values of k 2 (10 11 -10 14 s -1 ), similar to those is found for 2-8, are associated with high-frequency vibrations and consistent with bond rupture being involved in the luminescent deactivation process.
A recent publication discussing DFT calculation for 1 and 7 provides additional support for the participation of a ligand dissociation process in the excited state. 96 According to these calculations, the most favorable (lowest energy) triplet state of 7 has a five-coordinate structure, formed upon breaking an Ir-N bond of one phenylpyrazolyl ligand. On the basis of these results, we carried out DFT calculations, using a B3LYP/ LACVP** model, for the triplet states of six-and fivecoordinated variants of 1-10. Selected metrical and thermodynamic data calculated for the complexes are presented in Supporting Information Tables S1 and S2, respectively. A distorted octahedral geometry around the metal center, similar to that determined for the singlet state, was found for all of the six-coordinate species. One of the chelates has metal-ligand bonds that are ca. 0.03-0.05 Å shorter than those found in the other two ligands. The spin density surface is primarily localized on this distorted ligand, along with a small contribution from the metal center, and is compatible with a 3 MLCT-LC description of the excited state. The structures for the five-coordinate species were obtained from an unrestricted geometry optimization calculation, performed from a starting point generated by breaking an Ir-N (or Ir-C carbene for 10) bond and rotating the unligated heterocyclic to a dihedral angle of 90°, relative to the phenyl group. All the five-coordinate intermediates were verified to be local minima by vibrational analysis. Structures with lowest energy were found for the rotomer with the unbound nitrogen oriented toward a hydrogen atom on the heterocycle of an adjacent chelate ( Figure 6 ).
The geometry around the metal center for the five-coordinate species closely matches that reported earlier for 1 and 7 96 and is best described as a distorted trigonal bipyramid (TBP) with an equatorial plane containing two phenyl groups and a heterocycle of a chelating ligand, see Scheme 2. Previous work by Eisenstein has shown that the triplet state of d 6 ML 5 complexes is Jahn-Teller active and that the presence of three strong σ-donating ligands in the equatorial plane favors the TBP geometry over a square pyramidal structure. 97 For the hetero- Temperature dependence of luminescence decay rate for 3 and 5, illustrating zfs dominated decay from 100 to 250°C and k nr (T)-dependent decay >250°C. Lines are fits to the data using eq 2. 
leptic compounds 3-6, the lowest energy was found for a structure formed by breaking the Ir-N pyrazole bond that is trans to the phenyl of an adjacent ppz ligand (Ir-Z′, Scheme 2), an arrangement that places the chelated pyridyl ligand at an equatorial site. The N-Ir-C equatorial angle between the chelated ligands falls in a narrow range (110-114°) and is smaller than the C-Ir-C and N-Ir-C equatorial angles to the monodentate ligand (117-129°). The dihedral angle between the phenyl and heterocycle for the monodentate ligand is >50°f or 1-10. The spin density is localized within the equatorial plane for the TBP geometry (Figure 6 ), and the density at the metal center (0.81-1.11) is significantly larger than for the octahedral form (0.12-0.48), a picture consistent with a description of the TBP intermediate as a 3 MC state. A key parameter to characterize the 3 MC state obtained from the calculations is ∆H, the difference in energy between the zero-point energies (zpe) calculated for the triplet states of the octahedral and TBP geometries of a respective complex (Table  3 ). The value of ∆H defines the relative thermodynamic stability of luminescent triplet state with respect to the product of bond rupture and originates from the differing orbital nature of the two states. The energy of the ). For compounds 1-9, a plot of ∆H versus E 0-0 (Figure 7 ) displays the trend of decreasing ∆H with increasing emission energy. The variation in ∆H with respect to emission energy indicates that, for a particular compound, the TBP intermediate is destabilized to a lesser extent by the various ligands than is the octahedral form. In other words, higher emission energies thermodynamically favor the 3 MC state over the 3 MLCT-LC state. Two different trend lines can be discerned in the plot, for complexes either with difluorophenyl groups in the equatorial plane of the TBP intermediate (2, 4, 6 , and 8, blue in Figure 8 ) or with phenyl groups (1, 3, 5, 7, and 9 colored red in the plot). This segregation of data indicates that the difluorophenyl groups exert an equivalent destabilizing effect on both the 3 MLCT-LC and 3 MC states relative to the respective nonfluorinated complexes.
The value of ∆H can also be correlated with the activation energy (E a2 ). Note, for example, that compound 1, with the largest value for ∆H (2117 cm -1 ), has an E a2 that is inaccessible even at 378 K. The correspondence between E a2 and ∆H is shown for compounds 2-8 and 10 in Figure 8 . The decrease in E a2 with decreasing ∆H is a consequence of the deviation between 3 MLCT-LC and 3 LC energies of the two different excited-state geometries of the complexes. The activation energy will decrease as the octahedral form becomes thermodynamically destabilized (less favored) relative to the TBP intermediate (smaller ∆H). The trend displayed in Figure 8 also indicates that the driving force to reach the TBP intermediate is correlated complex with the luminescent quantum efficiency. Compounds with large ∆H (1-4) have high Φ, those with small ∆H (5 and 6) have moderate efficiency, and complexes with a negative ∆H (7 and 8) are nonemissive at room temperature. For compound 10, the relationships between E a2 , ∆H, and Φ do not follow the same trend as for the other complexes. The value of E a2 is similar to that of complexes with low Φ (7 and 8), yet the value of ∆H is comparable to that of complexes with much higher Φ, such as 2 and 3. The discrepancy can be explained using a kinetic scheme, analogous to one first proposed by Meyer for Ru(diimine) complexes, 94 where the 3 MLCT-LC state is in equilibrium with the 3 MC state before undergoing irreversible return to the ground state (eq 3).
40
In the case where k c . k b , the formation of the 3 MC state will be the rate-limiting step. Upon entering the 3 MC channel, backreaction will not occur as the complex will undergo rapid intersystem crossing and nonradiative return to the ground state. This interpretation of the excited-state behavior is in line with the thermally activated properties exhibited by complexes 3-8, such as the large magnitude for the pre-exponential term (k 2 > 10 11 s -1 ). However, as the energy barrier to back-reaction (E a2 -∆H) is lowered, the rate of k b will increase to the point where it will become much greater than k c and compete effectively with nonradiative decay. The data for 10 is consistent for a case where k b has increased such that k b . k c . The barrier for backreaction for this complex is so low (E a2 -∆H ) 143 cm -1 , Table 3 ) that return to the 3 MLCT-LC state decreases the value of ln(k 2 ). From the near-zero value of E a2 -∆H for 10, one can also estimate a value of k c ≈ 10 9 s -1 . This value is 10 4 times faster than the radiative rate (k r ) 3.4 × 10 5 s -1 , Table  1 ), which still makes population of the 3 MC state a viable nonradiative decay process.
The data for the experimental and calculated energetic parameters for the excited states of 1-8 and 10 is summarized in Figure 9 . The E 0-0 + E a2 data represents the energy of the transition state, whereas the E 0-0 + ∆H data provides an estimate for the energy of the 3 MC state (E a and NR in Scheme 1, respectively). Figure 9 readily illustrates that the energy of the 3 MC state is confined to a narrower range of values (2300 cm -1 ) for the ppy and ppz derivatives than is the 3 MLCT-LC state (5400 cm -1 ). The tight energy distribution for the 3 MC state of complexes 1-8 implies a thermodynamic limit (∼24 000 cm -1 , 415 nm) to the stability of the 3 MLCT-LC excited state, and consequently the luminescent efficiency, that can be achieved for tris-cyclometalated complexes with these types of heterocyclic ligands. However, the high energy of E 0-0 + ∆H for 10 suggests that heteroleptic complexes with carbene ligands can provide correspondingly high 3 MC state energies that could lead to deep-blue phosphorescent materials with efficiencies similar to values found for 1-4.
Conclusion
In conclusion, analysis of the temperature dependence of luminescence from high-energy (sky-blue to near-UV) phosphorescent, tris-cyclometalated iridium complexes uncovers several important aspects regarding the triplet excited state. Once radiative rates reach values of 10 5 s -1 , as typically observed for these species, vibrational coupling to the ground state is not a competitive deactivation pathway for nonradiative decay. If no other unimolecular quenching process is available for these complexes, the luminescent quantum yields can approach unity, a situation that occurs for facIr(ppy) 3 (1). One consequence of this result is the need to re-examine previous data reported for the luminescent characteristics of transition metal complexes. In the past several years the widespread use of an earlier, lower value (Φ ) 0.4) when using 1 as a primary quantum yield standard has led to an accumulation of errors in the literature values for the photophysical properties of a large number of related phosphorescent materials. Adoption of the higher value for the quantum yield should be employed in future work, and previous literature data that used the lower number needs to be re-evaluated with an appropriate degree of skepticism.
The temperature-dependent behavior for compounds 2-8 and 10 reveals decreases in luminescent efficiency caused by the presence of a thermally activated, nonradiative decay channel. Correlations between kinetic parameters and theoretical modeling suggest that deactivation occurs via a fivecoordinate species formed by rupture of an Ir-N (Ir-C carbene in 10) bond. DFT calculations for the five-coordinate intermediates are consistent with a description of the electronic structure as a 3 MC state. Inhibition of the bond rupture process in these types of high-energy phosphorescent complexes is expected to lead to materials with higher luminescent efficiencies. One approach to achieve this goal is to incorporate ligands that increase the energy of the 3 MC 9 . Summary of the temperature-dependent energetic parameters for 1-8 and 10. The E a2 value for 1 was estimated to be 5000 cm -1 from data in Figure 8 . The lines connecting the states distinguish the compounds as having either a high (solid, Φ > 0.9), intermediate (dash, Φ ) 0.3-0.6), or low (dot, Φ < 0.01) quantum efficiency at room temperature.
